Abstract-This paper presents a cable-suspended crane system to assist operators in moving and lifting large payloads. The main objective of this work is to develop a simple and reliable system to help operators in industry to be more productive while preventing injuries. The system is based on the development of a precise and reliable cable angle sensor and a complete dynamic model of the system. Adaptive horizontal and vertical controllers designed for direct physical human-robot interaction are then proposed. Different techniques are then proposed to estimate the payload acceleration in order to increase the controller performances. Finally, experiments performed on a full-scale industrial system are presented.
I. INTRODUCTION
A SSISTIVE devices are used in many industrial applications to help operators moving and lifting payloads. The objective of such devices is to combine the force capabilities of the robot with the decision and adaptation capabilities of the human operator. This approach allows us to perform tasks that would be too complex or demanding for automated systems alone or that would be too dangerous and prone to injuries for a human operator. Such systems are often referred to as intelligent assist devices and are used in many industrial applications [1] .
Typical augmentation systems require the operator to interact through an instrumented handle attached to the device. However, because the payload is often far from the handle, such an arrangement makes the performance of some tasks not necessarily intuitive. In order to alleviate this drawback, assistive The authors are with the Department of Mechanical Engineering, Université Laval, Québec, QC G1V 0A6, Canada (e-mail: alexandre.campeau-lecours@gmc.ulaval.ca; foucault@gmc.ulaval.ca; thierry@gmc.ulaval.ca; boris@gmc.ulaval.ca; gosselin@gmc.ulaval.ca).
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devices in which the operator can place his hands directly on the payload have been developed [1] . By being in close contact with the payload, it is easier to manipulate and to guide the assistive device. The operator can also change his hands position to be more efficient, productive, comfortable or to have a clearer view of the task at hand. Similarly, the operator can also use only one hand, while the other is used for another aspect of the task [1] , [2] . Finally, this arrangement allows several operators to interact with a same payload. While many human augmentation systems use rigid link mechanisms, it is common in industrial practice to support a payload from a cable. The resulting systems are simpler, they allow free rotation, they have a reduced inertia and cost, and they lead to a less cumbersome structure [1] . Although the center of mass of the payload is necessarily aligned with the cable, this is not a major concern for many applications.
Typical cable-suspended systems allow passive motions in the horizontal plane. As a consequence, the operator must still impart a large force to move the payload. It is usually even more difficult to stop the payload, which tends to oscillate, and this can result in potential injuries [1] . In order to alleviate this drawback, a servo-controlled cable-suspended lift assist device controlled with a sliding handle was developed [1] , [3] . In order for the operator to be able to place his hands anywhere on the payload to impart a motion, a cable angle sensor can be integrated to the system [1] , [4] , [5] in order to detect cable deviation from the vertical and then to assist the operator in the horizontal plane [6] - [8] . In order to offer the same assistance in the vertical direction, a force sensor is normally placed in line with the cable. However, the force signal is affected by the dynamical effects of the payload [3] , [8] which must then be compensated for in order to obtain a good estimation of the force applied by the operator [9] , [10] . The resulting signal is then used as an input to a force control scheme such as admittance control [11] to assist the operator in moving the payload [8] , [12] .
In order to improve the assistance to the operator, different control schemes for human assistance were also proposed such as estimating the operator force to implement an impedance control scheme [7] , using neural networks to vary the controller parameters online [12] and improving the estimation of the force applied by the operator [13] . More detailed literature reviews are presented in each individual section of the paper.
The main objective of this work is to improve the performances and the intuitiveness of cable-suspended intelligent crane assist devices. In contrast to the previous work, this paper proposes a novel concept of cable angle sensor and a new control structure for the horizontal and vertical assistance control. The proposed cable angle sensor is designed to be reliable (for industrial applications), low-cost, and accurate (in order to decrease the force required by the operator). Based on well-known cable-based crane system controllers, a horizontal controller is adapted to the context of human assistance in order to provide assistance to the operator to move the payload by automatically computing stable control gains for any cable length. Based on admittance control and previous literature, the proposed vertical controller increases the precision of the dynamical effects estimation and allows us to reduce the force required by the operator to move the payload. Finally, experiments performed on an industrial-scale prototype (shown in Fig. 1 ) are presented.
II. CABLE ANGLE SENSOR
Cable-suspended assistive devices usually use a cable angle sensor or a force sensor to infer human intentions [1] , [4] , [7] , [14] , [15] . In many applications, the extension of the cable is measured using a simple encoder attached to a reel. However, it is much more challenging to measure the inclination of the cable, and over the years, different solutions have been proposed. Among them is a noncontact sensor using an ac magnetic field [4] , accelerometers placed on the cable (used as inclinometers) [16] , machine vision [17] , [18] , a cardan-based mechanism [19] , a linear cable displacement sensor [5] , and observer-based solutions [20] . The sensor requirements are robustness (for industrial applications), accuracy, simplicity, and low cost. Observer-based solutions were thus rejected for lack of robustness. Noncontact sensors (which are sensitive to electromagnetic disturbances), accelerometers placed on the cable (affected by noise, drift and dynamical effects), and machine vision (difficult to implement in practice especially if the camera view is blocked) were also left aside for robustness consideration. A contact sensor using encoders is thus preferred since it represents a proven robust solution in industry. Among existing contact-based sensors, cardan-based mechanisms [19] and a sensor detecting the horizontal displacement of the cable [5] were also left aside since such mechanisms are affecting the dynamics and the measurement precision by creating a break point on the cable and because parts interference limit the achievable workspace. A contact sensor (see [21] ) was thus designed to alleviate these problems as detailed in the next section.
A. Sensor Description
A cable angle sensor using concentric grooved parts is proposed here. The cable passes through the parts and drives them as it moves, as shown in Fig. 2 . The concentric parts, which move independently from one another, are each attached to two shafts and the cable angles are obtained by measuring the shaft rotations. Similar mechanisms were used for other applications such as a spherical robot wrist [22] and early computer joysticks [23] . Measuring a shaft rotation is very common in industrial practice thus leading to a robust measurement of the cable angle. This cable angle sensor mechanism is part of the material described in a patent [21] . The resolution for this prototype is 0.09
• . Similarly to other contact sensors, the effects of the sensor mechanism on cable dynamics are negligible because the moving parts are very lightweight (0.06 kg) compared to the payload (minimum of 3 kg), friction is low, and the moving parts are close to the cable pivot point.
Because there are two shafts per axis and two sides per shaft, several sensors can be used, such as relative encoders, Hall effect sensors, absolute encoders, potentiometers, accelerometers, gyroscopes, and photointerrupters. In this paper, an encoder and a Hall effect sensor are used for each axis. Although only one sensor per axis is enough, the pair encoder-Hall effect sensor is useful for many reasons. First, the signals can be combined using data fusion to obtain a signal of better quality. Second, it is possible to compare both signals in order to detect problems. Finally, this arrangement takes advantage of the absolute signal of the Hall effect sensor while taking advantage of the encoder precision. In the experiments, the encoder and Hall Effect sensor signals are fused using a Kalman filter. Two models are used: a linearized model based on the cable dynamics and a third-order acceleration model [24] . This data fusion allows us to obtain position and velocity signals of better quality which is very important for control purposes.
B. Cable Angle Processing
When implementing control algorithms, practical issues arise. For example, a deadband on the cable angle is normally used in order to be robust to small cable angle measurement errors [6] . Another issue also arises from small-amplitude and high-frequency oscillations of the cable originating from different vibration modes.
The controller must not damp these oscillations, but it must be robust to their effects. Usually, the deadband is increased to cope with this problem, at the expense of accuracy [6] . Another option is to implement a low-pass filter, but this adds delay and can lead to instability. An algorithm is proposed here to filter these oscillations while keeping precision and performances.
A deadband (θ db1 = 1 • ) is first applied on the input angle (θ in ) to obtain the angle (θ p1 ):
The absolute signal of θ p1 then passes through a rate limiter where the rising limit is low and the falling limit is high. It thus takes time for the output signal to increase, filtering highfrequency oscillations, but it can return to zero rapidly, thus avoiding phase shift. This signal is then multiplied by the sign of θ p1 . This algorithm simply reproduces a rate limiter in which the magnitude of the signal takes more time to increase from zero but can rapidly go back towards zero. An example result is shown in Fig. 3 were no deadband (θ db1 = 0) was implemented in order to have a better understanding of the filter alone. The algorithm filters small-amplitude and high-frequency oscillations while allowing us to use a smaller deadband and avoiding the delays obtained from typical low-pass filters. In this example, the filter was applied to the whole input signal. However, it is also possible to apply the filter only to a small part of the signal.
III. DYNAMICS
In the following, the model parameters and equations of motion are developed. The equations of motion are first obtained with a complete model referred to as coupled motion, and then, with simplifications, a simplified model is obtained. Angle β 1 is defined as the angle between the direction of the cable and the direction normal to the Y -axis and contained in plane σ 1 [25] .
2) Equations of Motion: The equations of motion are [25] 
where the prefixes s and c (as in sβ) represents sin and cos, respectively; m is the mass of the payload (which is considered to be a point-mass); M x is the cart effective mass in the X-direction; M y is the cart effective mass in the Y -direction, 1 ; X p , Y p , and Z p are the Cartesian coordinates of the payload's center of mass in fixed coordinates; X c and Y c are the cart coordinates; L p is the distance between the cable pivot point and the payload center of mass; F x is the X-axis trolley force; F y is the Y -axis trolley force, F l is the tension in the cable, and the last two equations represent the pendulum oscillations. The cable mass is neglected. Globally, the system has five degrees of freedom (if the payload is assumed to be a point mass) and three controlled inputs. Similar and equivalent equations could be found with other angle representations such as (θ 2 , β 2 ). From (2)-(6) and namely (5), it can be seen that the coupling between the angles is negligible for relatively small angles and small angular velocities. Thus, neglecting the coupling effects, a simplified model can be obtained in which the X and Y motions are treated separately, as shown in the next section.
B. Simplified Model
Considering only one degree of freedom (X-axis), and assuming small angles, a relatively slowly varying cable length, and neglectingθ 2 1 , the equations can be linearized as [25] 
where M x is the cart mass is the X-direction, m is the payload mass, and L p is considered constant over a time step.
IV. HORIZONTAL MOTION CONTROL
In this section, two horizontal control modes are presented, namely the cooperation mode and the autonomous mode. In both cases, the system measures the cable angle and the controller's objective is to keep the cable vertical by moving the overhead cart. In the cooperation mode, the operator imparts an angle to the cable by pushing on the payload. The controller thus moves the overhead cart in the direction desired by the operator, while controlling cable sway, resulting in an intuitive assistance to the operator. Additionally, since the controller's objective is to maintain the cable vertical, the operator does not need to stop the load himself, which could otherwise raise ergonomic issues. Finally, in the autonomous mode, the cart is moving by itself to reach a prescribed position while controlling cable sway.
A. Overview
The problem of controlling the position or speed of a cartpendulum system while damping the payload oscillations has been extensively explored in the literature. In usual applications, the crane position is controlled in autonomous mode or remotely by an operator. The control objectives are usually to obtain good positioning accuracy, to reduce the payload oscillations caused by the overhead crane motions and to eliminate oscillations induced by external disturbances [17] . In a human assistance context, the deviation of the cable from the vertical is not due to a disturbance but is the main input from the operator. The controller must not only be stable but must also result in smooth and intuitive motions to the human operator. Control strategies must then be adapted to the context of this problem.
A well-known method for controlling cable sway is input shaping, where the reference signal is convolved with a sequence of impulses to eliminate sway in an anticipatory way [17] . Other methods include state-space control [16] , [26] , backstepping [27] , Lyapunov stability analysis [28] , passivity [29] , or proportional derivative control laws [30] . These controllers were designed to control the position of the cart while minimiz- ing cable oscillations. However, in a direct assistance context, there is no prescribed position and the above-mentioned controllers could not be applied. In the literature for direct human assistance, Colgate et al. [6] proposed to set the velocity proportionally to the cable angle, Wen et al. [7] used an estimation of the operator force together with impedance control, and Niinuma et al. [8] proposed a controller based on the cable angle and the cart velocity.
In contrast to the previous work, the controller proposed here automatically adapts the control gains to varying cable lengths. Additionally, these gains always lead to stable controllers for any given cable length. The control approach is based on backstepping, thus allowing simpler compensation scheme to varying parameters and nonlinear dynamics. Controllers for cooperation and autonomous modes are designed similarly to enable effective mode switch between control modes. Finally, the general behavior of the controller can be tuned by changing only two parameters (damping and natural frequency) which can be easily computed for any cable length.
B. Control Approach
A controller based on a simplified cable dynamics with statespace control is proposed here for interactive and autonomous motion. It is common in the literature to design a controller by considering both (7) and (8) at the same time [26] . However, the adaptive design is challenging and requires a precise estimation of the system parameters (such as the cart mass, the payload mass, and the cable length). The proposed methodology is to use a backstepping approach to decouple the control problem into two controllers.
The first controller, referred to as the main controller, uses only (8) by considering the cart acceleration as the controlled variable. The second controller, referred to as the cart controller, uses only (7) to follow the required cart acceleration computed by the main controller. The controller design is then separated in two much simpler problems, which leads to several advantages. Indeed, the adaptation or compensation to varying parameters (cable length, cable extension velocity, damping, cart mass, and neglected terms from (2) such asL p ,β 1 ,θ 2 1 , and viscous friction) is much simpler to perform with techniques such as feedforward, linearization, or nonlinear control when the systems equations are simpler. The estimation of the system parameters can be used to increase the controller performances, but such estimates are not required and do not need to be as precise as with a classical state-space controller. The general control scheme is shown in Fig. 5 and the controllers are detailed in the next subsections. The robustness to errors in the measurement of the cable angle and angle velocities is important. The cable angle sensor design is thus significant. Additionally, remaining in a range of lower cable angles and cable angles velocities could also help to alleviate a potential robustness problem.
C. Main Controller
The main controller uses (8) and the control objective is to compute the cart acceleration,ẍ, that allows the system to reach the desired cart position, cart velocity, cable angle, and cable angular velocity. Taking the Laplace transform of (8), one obtainsẌ
whereẌ(s) and θ 1 (s) are, respectively, the Laplace transform ofẍ(t) and θ 1 (t).
The state-space representation is, therefore, written aṡ
where x s is the state vector, u s is the input scalar, A s is an n × n state matrix, B s is an n × m input matrix, and where n is the number of states and m is the number of inputs. In this case, one has x s = xẋ θ 1θ1 T , u s =ẍ, m = 1, n = 4 and
The control law is written as
where
and e = x r − x s (14) where x r = x rẋr θ 1rθ1r T are, respectively, the ref-
erence cart position and velocity and the reference cable angle position and velocity. In this problem,ẋ r , θ 1r , andθ 1r are set to zero. The cable length could be varied to stabilize cable oscillations, but it is preferred to leave the cable length independent from the oscillations, and it is thus not considered as a controlled variable for the mentioned control objectives. The cable length is considered constant over a time step in the model.
D. Cart Controller
The cart controller uses (7) to follow the required cart acceleration obtained from the main controller. Since acceleration control is not practical, position or velocity control can be used. The discrete desired velocity to obtain the desired acceleration is obtained with a zero-order-hold integration, namelÿ
while the position is obtained by integrating once more
where T s is the sampling period; k is the time step; and x d ,ẋ d , andẍ d are, respectively, the main controller required position, velocity, and acceleration, as shown in Fig. 5 . This integration method, to achieve acceleration control, is used in other applications such as admittance control [11] , [31] . The position or velocity can then be controlled with classical controllers such as a PID or computed-torque compensation [using, for instance, (2) and (3)]. Fig. 5 presents the general control scheme where u c is the command output from the cart controller. The limit and saturation block is used for safety such as virtual walls and for velocity and acceleration limitations.
E. Cooperation Mode
In the cooperation mode, the operator is free to move the payload as desired and there is then no reference position, leading to K x = 0. A state-space controller is proposed here. The characteristic polynomial of the system is obtained with
where I is the n × n identity matrix, which leads to
(18) The transfer function of angle θ 1 to a cable angle initial condition θ 1 (0) is then written as
The proposed methodology is to use adaptive pole placement by placing the poles to
where p 1 is a real pole and ω n 1 and ζ 1 are the natural frequency and damping related to the complex poles. The proposed controller only uses the gains K v and K θ 1 , while K x and K θp1 (gain on the angular velocity signal) are set to zero. Equating (18) and (20) and rearranging leads to
where ω n 1 > g L p and ζ 1 are design parameters. The control gains are thus obtained and can be computed for any cable length.
As previously described and shown in Fig. 5 , these gains help to compute the required cart acceleration to reach the control objectives. The cart controller is then used to follow the desired motion. From the characteristic polynomial of the system [see (18) ], it can be observed that the poles depend on the control gains. Because the control gains are designed by placing the poles [(20) ], the latter are necessarily negative for any cable length, given that ω n 1 > g L p and ζ 1 ≥ 0 and the controller is thus stable for any given cable length.
While the latter controller does not use the control gain K θp1 , it is easy to obtain similar equations while considering this gain. Using the gain, K θp1 may make the system more intuitive since it allows the cart to move not only in accordance to the cable angle but also to its angular velocity. This gain can be used or not, depending on the quality of the signal obtained for the time derivative of the cable angle and the designer choice.
F. Autonomous Mode
In the autonomous mode, K x is used to prescribe the cart position. The control gain K θp1 can also be used or not, depending on the designer's choice and the quality of the cable angle derivative signal. An adaptive controller based on pole placement and state-space control using K θp1 is proposed here.
Similarly to the cooperation mode, the system characteristic polynomial is written as equation (22) shown at the bottom of the page.
The transfer function from the angle θ 1 to a cable angle initial condition θ 1 (0) is then written as
and the transfer function of the position x of the cart in response to a reference position x r is written as
There is a compromise between the cart position trajectory and the cable oscillation cancellation. The proposed methodology is to use adaptive pole placement by placing the poles to
Equating the poles from (22) and (25) and rearranging, one obtains
and ζ 1 are design parameters and p 1 is heuristically chosen to be equal to ω n 1 in order to lie on the same complex circle as the other poles. Using a pair of complex poles and two equal real poles is a design choice, but other options are possible. The state-space controller gains that adapt to any cable length are thus obtained. As previously described and shown in Fig. 5 , these gains help to compute the required cart acceleration to reach the control objectives. The cart controller is then used to follow the desired motion. The operator can still push the payload in autonomous mode: the cart position moves in the direction desired by the operator while being attracted to its reference position and controlling cable oscillations. Finally, when switching from a given mode (cooperation or autonomous) to another, large accelerations and jerks may be obtained and bumpless control transfer must then be considered. Because both cooperation and autonomous modes shares the same controller design methodology, mode transfer is easier to implement.
V. VERTICAL MOTION CONTROL
This section describes the vertical assistance mode. In the literature, a force sensor is normally placed in line with the cable in order to measure the force applied by the operator and to allow him/her to place his hands anywhere on the payload [3] , [8] , [9] . However, the force signal is affected by the dynamical effects of the payload [8] , [32] , which must then be compensated for in order to obtain a good estimation of the force applied by the operator [9] , [10] . The resulting signal is then used as an input to a force control scheme such as admittance control [11] to assist the operator in moving the payload [8] , [12] .
In contrast to the previous work, the contribution of this section is the proposition of novel methods to estimate more precisely the dynamical effects affecting the force signal. The objective is to obtain better estimation of the payload mass and of the force applied by the operator in order to reduce the force required by the operator to move the payload.
A. Acceleration Estimation
From (4), the force measured at the load cell can be written as
= f H + ma p (27) where f H is the operator force and a p is the payload acceleration. Three possible methods to estimate the payload acceleration are now described. The accelerometer method was proposed in [10] and [33] , while the individual compensation method and the fusion method are proposed in this paper. 1) Accelerometer Method: Different variants of the accelerometer method are proposed in the literature [10] , [33] . A first solution consists in placing a rotational accelerometer on the winch shaft to measure the motor angular acceleration. The cable length acceleration can then easily be determined. However, this solution only provides an estimation of the cable length acceleration and thus several terms appearing in (27) are not accounted for. A second solution consists in placing a linear accelerometer in line with the cable as shown in Fig. 6 . However, the acceleration estimation is obtained at the accelerometer position, L a , while the acceleration at the payload position, L p , is required. In practice, the accelerometer is often relatively far from the payload's center of mass and the compensation of the dynamical effects is thus not very accurate. The payload estimation at the payload position cannot be simply obtained by multiplying the accelerometer signal by a given factor since the signal only outputs the overall results of all the dynamical effects. Additionally, the accelerometer signal is often noisy and can drift with time or temperature, and it is not necessarily reliable if impacts occur.
2) Individual Method: The individual method proposed here consists in computing each term of (27) individually, thereby allowing us to estimate the acceleration at the payload position. The estimation is not subject to drift as with the accelerometer method, but it is more subject to noise, especially because of acceleration estimations.
From (27) , several measurements are needed, namely: 1) Cable angles θ 1 and θ 2 (from which β 1 is inferred): These angles are obtained from the cable angle sensor, as presented in Section II-A. 2) Cable angular velocitiesθ 1 andθ 2 (from whichβ 1 is inferred): These angular velocities are obtained from the cable angle derivatives. An angular velocity sensor (such as a gyroscope) could also be placed on the cable angle sensor shafts. 3) Cable length L: Obtained with a position sensor on the winch motor shaft (in this work a Hall-effect sensor and an incremental encoder signal are fused). The payload position, L p , is obtained with
where L c is the cable length and δ cm is an estimation of the distance between the payload center of mass and the payload attachment point, as shown in Fig. 6 . 4) Cable vertical accelerationL p : Obtained from the second derivative of the cable length measurement or from the trajectory's desired acceleration. In our implementation, a fusion of these signals is used. Alternatively, a rotational accelerometer or a gyroscope could also be placed on the winch motor shaft. 5) Cart accelerationẌ C andŸ C : Obtained from the second derivative of the position or from the trajectory's desired acceleration. In our implementation, a fusion of these signals is used. Alternatively, a rotational accelerometer or a gyroscope mounted on the motor shafts or linear accelerometers placed on the cart could also be used. The acceleration estimation obtained with the individual method,â I , is then computed by substituting all the above measurements and estimations in (27) .
3) Fusion Method: The fusion method consists in fusing the accelerometer and the individual method to capture the advantages of both methods while minimizing their drawbacks. The acceleration estimation at the accelerometer position, L a , is first obtained independently from the accelerometer and by the individual method. Both estimations are then fused at this position using linear data reconciliation [34] with
and where E 5 = a acc is the accelerometer signal and E 1 -E 4 are obtained with the individual method. The linear data reconciliation method from [34] allows us to define different confidence factors for each parameter E i . The outputs are reconciled values of each parameter E i and are referred to aŝ E i . The estimation of the acceleration at the payload position is then obtained witĥ
whereâ F is the payload acceleration estimation provided by the fusion method. It would also be possible to use other set of sensors (for example an assembly of accelerometers) and fuse them together.
B. Float Mode
The vertical assistance mode proposed here (also called float mode) uses the estimation of the force applied by the operator together with admittance control. The force applied by the operator must first be obtained from the load cell signal and from (27) withf
whereâ F is the payload acceleration estimation obtained from the fusion method, f L is the load cell signal, andm 0 is the payload mass estimation prior to entering the float mode. This estimation of the payload mass is thus very important. The estimation is based on an online identification technique [35] using the following equation (the human force is considered to be zero during the calibration):
The payload mass estimation can also be used to determine if the device is loaded or if the payload maximum limit is reached. The payload acceleration estimation used for the compensation of the dynamical effects is thus not only important for the operator force estimation but also for the payload mass estimation.
Once the force applied by the operator is obtained, a classic admittance control scheme is used to assist the operator in moving the payload. The admittance force control scheme accepts a force as input, which is measured, and reacts with a displacement [12] , [36] . More information about the design of admittance controllers and stability issues can be found in [11] and [37] . The float mode controle scheme is shown in Fig. 7 while the general vertical control scheme is shown in Fig. 8 .
VI. EXPERIMENTATION
Experiments were performed using the industrial-scale gantry system shown in Fig. 1 [38] . The total moving mass is approximately 350 kg in the direction of the X-axis and 170 kg along the Y -axis. A winch using a DC motor and a pulley was used to produce the vertical motion. Additionally, a commercial Omega load cell (LC-111-200) and an accelerometer (ADXL-330) were mounted in line with the cable. The payload may vary between 0 and 45 kg (a 45-kg payload is used in the experiments). The horizontal workspace is 3.3 m × 2.15 m while the vertical range of motion is 1 m. The controller is implemented on a real-time QNX computer with a sampling period of 2 ms. The algorithms are programmed using Simulink/RT-LAB software. A video shows excerpts from the experiments. A. Horizontal Mode 1) Cooperation Mode: The first experiment consisted in giving an impulse to the payload and to compare the response between the proposed controller and the method described in [6] . In order for the system to be intuitive to the human operator, the first objective is to limit the cable oscillations. Ideally, in response to an impulse, the cable should smoothly return to the vertical position in the least amount of time as possible. Fig. 9 presents the comparison, where L p is the cable length and L c is the cable length used by the controller. The solid blue line and the red dashed line are with the fixed parameters method proposed in [6] . The controller was designed for a cable length L p of 2.5 m (solid blue line). However, using the same control parameter with a cable length L p of 1.2 m results in an oscillatory response and can even lead to instability depending on the control gain and the actual cable length. The green dotdashed line and the black dotted line are with the proposed controller with ζ 1 = 0.9. Because the controller automatically computes stable control gains for varying cable lengths, the response is satisfactory for any cable length. The response time to stabilize below an angle of 0.25
• are 2.35 s (blue line) and 3.45 s (red line) for the fixed case and are 2.12 s (green) and 1.59 s (black) for the adaptive case. Two other experiments were conducted using the cooperation mode: a recovery from an impulse and motion assistance. The recovery from an impulse experiment consisted in giving a large impulse to the payload in order to test the controller's ability to bring the cable back to the vertical position. The results are shown in Fig. 10 , where L p is the cable length and L c is the cable length used by the controller. Fig. 10(a)-(c) shows results from experiments with different cable lengths and damping ratios. Fig. 10(d) shows results from an experiment in which L c is different from L p in order to test the controller's robustness to modeling and measurement errors. In all cases, the cable returns to the vertical position rapidly and smoothly. The second experiment, shown in Fig. 11 , consisted in performing usual motions in order to assess the assistance to the operator. This figure gives information on the interaction with the assistive device by allowing to see the relation between the force applied by the human and the resulting system velocity and cable angle. The force applied by the operator was measured with an ATI force sensor (used only for the measurements and is not used by the controller). The required force with a 45-kg payload (shown in Table I) the system automatically brings the cable to the vertical position and thus the operator does not have to stop the payload.
2) Autonomous Mode: The autonomous mode experiment consisted in prescribing a position while damping cable oscillations. The trajectory consisted in starting from x = −0.3 m to x = 0.3 m. A first-order low-pass filter with a time constant of 0.8 was applied to prevent abrupt motions. Fig. 12 shows the experimental results. The first experiment was conducted using a control parameter ζ 1 of 0.9. The cable oscillations were kept to minimal values, while the cart position motion was more jerky. The position response time (95%) was 3.74 s, the position overshoot was 0.8%, the angle response time (below 2
• ) was 1.49 s and the angle root mean square (RMS) value was 1.72. The second experiment was conducted using a control parameter ζ 1 of 0.4. The cable oscillations were kept to medium values, while the cart position motion was more or less jerky. The position response time (95%) was 3.79 s, the position overshoot was 8.6%, the angle response time (below 2
• ) was 2.83 s and the angle RMS value was 2.73. The third experiment only considered the prescribed position without considering the cable angle. The cable oscillations were then really large, while the cart position motion was very smooth. The position response time (95%) was 2.71 s, the position overshoot was 0.6%, the angle response 
time (below 2
• ) was not achieved in a decent time and the angle RMS value was 13.28. In summary, increasing ζ 1 allows us to reduce the cable angle oscillations amplitude, but, as a compromise, the cart position profile may be more jerky. In typical applications, it is desired to minimize the cable sway as much as possible and a higher value of ζ 1 is then preferred. In practice, however, a high value of ζ 1 may require high cart accelerations, which can be too difficult for the controller or the mechanics to cope with. From our experiments, a ζ 1 value of 0.9 is recommended. Fig. 14. Load cell signal and mass estimation with the fusion method, the individual method and the accelerometer method.
B. Vertical Mode
Two experiments were performed in order to test the vertical control mode: a motion assistance using the float mode and a payload mass estimation comparing the different acceleration estimation methods.
The results of the motion assistance are presented in Fig. 13 , where the first subfigure shows the force applied by the operator. The force estimated from the load cell data is compared to the signal of an ATI six-axis force/torque sensor placed on the payload. The second subfigure shows the resulting velocity. Table II shows the required forces for different motions.
The second experiment consisted in estimating the payload mass in different situations. Fig. 14 shows the load cell signal, f L , and the payload mass estimated with the accelerometer, the individual, and the fusion methods. The experiment is divided in three zones: in zone I, slow autonomous vertical motions were performed; in zone II, horizontal motions were performed to excite the dynamic terms; and in zone III, fast vertical autonomous motions were performed.
The performance of the individual method is better than that of the accelerometer method when the payload sways (zone II). However, the performance of the accelerometer method is better than that of the proposed individual method in the presence of vertical motions (zones I and III). The proposed fusion method, taking advantage of the above two methods, leads to better overall results and to reduced maximal deviation from the expected mass. For this experimentation, the RMS value of the error was 0.0556 for the fusion method, 0.0585 for the individual method, and 0.1116 for the accelerometer method. In our experiment, L a was 0.9 m and L p was 1.25 m. In an industrial application, the payload's center of mass is typically farther from the accelerometer and the improvement should then be even greater. Similar experiments have shown that the error in the estimation of the operator force was reduced by 40% when using the fusion method.
VII. CONCLUSION
This paper proposed a cable-suspended human augmentation system. A cable angle sensor designed to be precise, robust, and low-cost was first proposed. The reliability and precision of this sensor was found to be of the utmost importance for the controller performance, both for horizontal and vertical motions. While a simple dynamic model was sufficient for the horizontal controller, the complete model proved to be very important for the performance of the vertical controller. Horizontal and vertical controllers adapting automatically to any cable lengths were designed for direct human assistance. Dynamical effects affecting the force sensor signal were then presented. A fusion between the state-of-the-art accelerometer method and a new proposed individual method led to better performances. Finally, experiments were performed on an industrial-scale industrial system. While a cable-suspended system can be used in many applications, some tasks are not possible since the payload's center of mass must necessarily be aligned with the cable. Future work will focus on the development of hands-on-payload solutions that do not suffer from this drawback.
